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Abstract

:

This study evaluated the changes in microbial activity in the course of time following the joint application of the herbicides S-metolachlor, foramsulfuron, and thiencarbazone-methyl to two soils (S1 and S2) under conventional tillage (CT) and non-tillage (NT) management in field conditions. The biochemical parameters of soil respiration (RES), dehydrogenase activity (DHA), microbial biomass (BIO), and the phospholipid fatty acid (PLFA) profile were determined at 1, 34, and 153 days during herbicide dissipation. In the absence of herbicides, all microbial activity was higher under NT than CT conditions, with higher or similar mean values for S1 compared to S2. A continuous decrease was detected for RES, while DHA and BIO recovered over time. In the presence of herbicides, a greater decrease in all microbial activity was detected, although the changes followed a similar trend to the one recorded without herbicides. In general, a greater decrease was observed in S1 than in S2, possibly due to the higher adsorption and/or lower bioavailability of herbicides in this soil with a higher organic carbon content. The decrease was also greater under CT conditions than under NT conditions because the herbicides can be intercepted by the mulch, with less reaching the soil. These changes involved evolution of the structure of the microbial community.
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1. Introduction


Conservation agricultural practices including non-tillage, mulch residues, and crop rotation have been widely applied in recent years to enhance the sustainability of agricultural systems and decrease the negative impacts of a more conventional approach [1,2]. The primary objectives of conservation agriculture are the improvement of soil moisture and the reduction of its degradation via erosion by maintaining crop stubble and residue on the surface after the harvest and to minimize the contamination of surface water by runoff or the movement of sorbed agrochemicals on eroded soil particles [3].



This alternative cultivation approach could change the soil’s physicochemical, biological, and microclimate properties, thereby affecting its microbial population. Conservation tillage generally promotes higher microbial activity, as the accumulation of organic residues in the topsoil and minimal soil disturbance increase its carbon concentration, which correlates positively with microbial biomass and microbial communities. An increase in soil organic carbon (OC) under these conditions creates a stable bacterial network and greater microbial diversity, raising enzyme activity levels and increasing microbial metabolic activity under conservation agriculture compared to conventional management [4,5]. In addition, Panettieri et al. [6] have shown that non-tillage increases the quantity of soil fungi over bacteria, and Li et al. [7] have reported a significant increase in the microbial population, fungal biomass, and bacterial diversity with non-tillage compared to conventional tillage.



Soil microorganisms are key bioindicators of soil health, functionality, and eco-sustainability [8,9]. Soil microbiota has various functions in the soil, being responsible for mineralising and decomposing soil organic matter (OM) from residues; regulating nutrient cycling, including that of carbon and nitrogen; providing and supporting the flow of energy and biochemical cycles; and enhancing soil aggregation [10]. These functions amend soil health and boost nutrient availability for plant growth and increase crop yields [11]. They are also related to the diversity, biomass, composition, and size of the soil’s microbial population, which, in turn, is influenced by agricultural management [12].



A disadvantage of conservation agriculture, mainly with reduced tillage, is the increase in weed pressure, which usually results in higher herbicide use [13,14]. These compounds could be further degraded by increasing microbial activity in conservation systems, although the two processes are not always correlated [15,16], as microbial activity may also be influenced by the herbicides applied. The usage of organic residues as soil amendments has been reported to reduce the persistence of a pesticide, whereas with others, it might increase or even have no impact on persistence [17,18,19]. The presence of organic residues may affect the pesticide adsorption–desorption process in soils and regulate their bioavailability in the soil solution, conditioning the possible interaction of pesticides and soil microbial communities or their potential impact on them [20,21]. The soil microbial community’s function and activity could therefore be affected by the application of herbicides in conservation agricultural practices according to their behaviour in these systems. Studies on the response of soil microbial community to the joint application of pesticides and organic wastes have been conducted mostly under laboratory conditions [22], with field assays being less common [23,24].



The herbicides S-metolachlor (SMOC), foramsulfuron (FORAM), and thiencarbazone-methyl (TCM) are widely applied in conservation agriculture but scarcely studied in the literature, especially FORAM and TCM [25]. They belong to different chemical groups (chloroacetanilide, sulfonylurea, and sulfonylamino-carbonyl triazolinone, respectively) with different structures and physicochemical properties, being used to control grasses and some broadleaf weeds in a large variety of crops sown in different seasons of the year [26]. Previous studies by the authors of this research have found that straw from winter wheat mulch residues used as an organic soil amendment increases the adsorption of these herbicides depending on the amended soils’ OC and/or dissolved organic carbon (DOC) content [27]. This adsorption process controls the dissipation of these herbicides in these soils amended with straw from winter wheat mulch residues and shows that their dissipation is due mainly to a biodegradation process [28]. Some studies have reported microbial degradation via co-metabolism for SMOC transformation in soil [29,30] or via catabolism by different degrading enzymes for sulfonylureas transformation as FORAM in soil [30] or the cleavage of sulfonic acid for TCM [31]. However, the effect these herbicides have on microbial activity during their dissipation in a conservation agricultural system is not well known. Some studies report an effect of SMOC on the enzymatic activities of maize-growing soil when it is applied on its own [32,33] or when applied to soils with a mixture of herbicides such as terbuthylazine and mesotrione [34] or with glyphosate [35]. These effects have also been studied for TCM when applied with a mixture of herbicides such as isoxaflutole + cyprosulfamide [36]. To the best of our knowledge, there are no studies in the literature on the impact that the joint application of the herbicides SMOC, FORAM, and TCM has on soil microbial activity in the case of conservation agricultural management.



Accordingly, the purpose of this research was to determine the changes in soil microbial communities in the course of time in field conditions after the joint application of the herbicides SMOC, FORAM, and TCM as commercial formulations compatible with each other and with the cropping systems (winter wheat–maize) studied in soil under conventional tillage and non-tillage management. The following biochemical parameters were determined: (1) microbial activity (respiration (RES) and dehydrogenase activity (DHA)) and abundance (microbial biomass (BIO) and the structure of soil microbial communities (phospholipid fatty acids—PLFAs)); and (2) the changes in these parameters at different sampling times during herbicide dissipation. This study’s contribution involves considering the significance of microorganisms in soil health and its possible alteration by herbicides applied in a conservation agricultural system.




2. Materials and Methods


2.1. Herbicides


The herbicides SMOC, FORAM, and TCM were applied in the field in the commercial formulations Efica 960EC® (SMOC 96% w/v ADAMA, Agriculture Spain, S.A., Madrid, Spain) and Monsoon® Active (TCM 1% w/v, and FORAM 3.15% w/v, Bayer Crop Science S.L., Valencia, Spain). PESTANALTM analytical standards of the herbicides SMOC (≥99.1% purity), FORAM (≥98.5% purity), and TCM (≥99.8% purity) from Sigma-Aldrich were supplied by Merck Life Science S.L. (Madrid, Spain). The herbicides’ main characteristics are specified in Table 1 [26].




2.2. Field Experiment


A field experiment was performed in experimental plots at the Muñovela farm in Spain (IRNASA-CSIC) (40°54′15″ N latitude and 5°46′26″ W longitude), for a two-year period (October 2019–December 2021). The selected soil was a Eutric–Chromic Cambisol [37] with a sandy loam texture (14.9% clay, 4.7% silt, and 80.4% sand). This soil has previously been used for growing cereal, with winter wheat being the cover crop in this experiment.



The layout involved 12 experimental plots of 81 m2 (9 m × 9 m) involving the soils at two different sites, S1 and S2. Four treatments were applied in a random distribution resulting from the combination of two soil management systems (conventional tillage (CT) with a cultivator to a depth of 25–28 cm (S1 + CT and S2 + CT) and a non-tillage or conservation system (S1 + NT and S2 + NT)), each one of them with three repetitions. Two experimental winter wheat–maize cycles were cultivated over two successive years involving winter wheat that was sown as a cover crop in S1 + NT and S2 + NT, chemically destroyed, cut, and deposited on the NT surface plots as mulch (more than 85% of soil surface remained covered by the mulch layer) prior to sowing maize, while the soil was kept uncovered in S1 + CT and S2 + CT over the same period.



Commercial formulations of the herbicides SMOC, FORAM, and TCM were jointly applied with an automatic sprayer attached to a backpack during the pre-emergence of the maize. The herbicides were applied over two successive years, and this microbiological study was undertaken after the second application at a dose of 0.975, 0.840, and 0.267 kg a.i ha−1, respectively, by which time the soil’s NT management was well established (18 months after starting the field experiment) following more than 20 years of CT management. The herbicides rates were according to the agronomic dose for each herbicide applied, the percentage of active ingredient in the commercial formulations used and the agriculture practice assayed. The herbicides were applied to eight plots (two replicates per treatment), while one added replicate per treatment without herbicides was used as a control plot. The control plots were divided into two subplots of 45 m2 for duplicating the microbiological studies. The application was made on uncovered soil in S1 + CT and S2 + CT, while the herbicides were partially intercepted by the wheat mulch in S1 + NT and S2 + NT. The plots were first irrigated 35 days after herbicide application, although precipitation was recorded after nine days.



Weather conditions were registered during the experiment (153 days) at an on-site meteorological station. Air temperature ranged from −2.6 °C to 36.5 °C (mean of 17.6 °C), and cumulative precipitation and additional irrigation during the study amounted to 215.5 mm and 234 mm (26 mm per week), respectively.




2.3. Experimental Procedure


Soil samples were taken from the top soil layer (0–10 cm) of all the experimental field plots on the first day (1 day) and at 34 and 153 days after herbicide application in the second experimental year.



Herbicide residues and the biochemical parameters RES, DHA, BIO, and PLFAs were determined for all the treatments over time. Five sub-samples were taken from each plot and homogeneously mixed to obtain representative average soil samples for each plot before they were transferred to polypropylene bottles. The samples were then taken to the laboratory in portable refrigerators.



The soil samples were divided into sub-samples and dried and sieved (<2 mm), whereupon standard analytical methods [38,39] (Table 2) were used to determine the physicochemical characteristics of the soils. The analytical methods described in Douibi et al. [27] were used for quantifying the residual concentration of herbicides. The residual amounts of SMOC, FORAM, and TCM were expressed as percentages of the initial amounts of herbicides applied (Table 2). The biochemical parameters RES and DHA were analysed immediately. Soil moisture was determined (in duplicate) in separate samples (5 g) by weight difference after drying each sample at 110 °C for 24 h. PLFAs were determined prior to extraction and analysis by lyophilising the samples at −80 °C.



Soil DHA was evaluated by the Tabatabai method [40]. A detailed description of the used protocol is found in Carpio et al. [23]. The results were expressed as µg 1,3,5-triphenylformazan (TPF) g−1 dry soil.



Soil RES was determined by measuring the drop in pressure produced by the O2 consumed by the microorganisms in 50 g of fresh soil over four days using OxiTop Control BM6 containers with an OxiTop Control OC 110 measurement system (WTW, Weilheim, Germany). The CO2 produced by the metabolism of soil microorganisms was captured in 10 mL of NaOH 1 M.



The microbial community in the soil samples was determined using PLFA analysis, as described in García-Delgado et al. [24]. PLFAs allow the profiling of soil microbial communities and provide an overall view of their composition, structure, and biomass [41]. The protocol followed for PLFA extraction and analysis is described by Carpio et al. [23]. PLFAs were identified using bacterial fatty acid standards and software from the Microbial Identification System (Microbial ID, Inc., Newark, DE, USA). Neodecanoic acid (19:0) was used as an internal standard for the quantitative determination of PLFAs. Certain specific fatty acids were used as biomarkers to quantify the relative abundance of Gram-positive (iso and anteiso saturated branched-chain fatty acids), Gram-negative (monounsaturated and 17:0 cyclopropyl fatty acids), Actinobacteria (10-methyl fatty acids), and saprophytic and arbuscular mycorrhizal fungi (18:2 ω6 cis and 16:1 ω5, respectively). Total BIO was estimated by the sum of PLFAs and expressed as nmol g−1.




2.4. Data Analysis


The data obtained from the dissipation studies were statistically analysed using IBM SPSS Statistics v.29.0.0.0 software (IBM, Armonk, NY, USA). Standard deviation (SD) was used to indicate variability among replicates in the soil RES, DHA, BIO, and PLFAs. One-way and two-way ANOVA were performed, and the Tukey or Games–Howell post hoc test (according to Levene’s test for homogeneity of variance) at p < 0.05 was used to determine significant differences between these parameters and evaluate the effects of the different soil management practices at the same and different sampling times within the same treatment. Simple linear regression models were used to relate the residual amounts of herbicides and/or soil characteristics (p < 0.05).





3. Results and Discussion


3.1. Herbicide Residues in Soils under Tillage and Non-Tillage Management


The residual herbicide concentrations determined in S1 and S2 ranged between 0.898 and 0.000 (SMOC), 0.675 and 0.009 (FORAM), and 0.102 and 0.001 (TCM) μg g−1 dry soil the day after their application in the experimental plots under CT and NT management (Table 3). These concentrations were high in both cases and decreased significantly over time (p < 0.05), indicating a continuous dissipation of the three herbicides in all the samples. A one-way ANOVA revealed the significant influence of time (F2,3 > 20.07, p < 0.05) and treatment (F3,4 > 14.02, p < 0.05) on the residual amounts of each herbicide (Table 3). The residual concentrations of the three herbicides were generally higher in S2 than in S1 and under CT than under NT (Table 3). Higher adsorption of herbicides by S2 than by S1 has been described by Douibi et al. [27] and could explain the higher residual amounts of herbicides in this soil. By contrast, the lower amount of herbicide residues in soils under NT may have been because the soil surface covered by mulch affected the amounts of herbicides reaching the soil surface, as reported previously [42,43,44].




3.2. Soil Microbial Respiration


Figure 1 shows the soil RES rates for conventional tillage (S1 + CT, S2 + CT) and non-tillage (S1 + NT, S2 + NT) with or without herbicides (H). The mean values of soil microbial respiration with no herbicides for the three times ranged from 267.99 (S1 + CT) to 411.52 (S1 + NT) mg O2 kg−1 dry soil in S1 and from 177.39 (S2 + CT) to 272.88 (S2 + NT) mg O2 kg−1 dry soil in S2. These values were significantly higher in S1 than in S2 (F7,24 = 79.18, p = 0.001), and in both soils, they were higher under NT than under CT. Minimal soil disturbance under NT is known to enhance the physical quality of soil by conserving its structural stability, withholding moisture, and enhancing OM content [45]. Furthermore, the presence of an organic layer of crop residues on the soil surface provides a consistent OC supply that stimulates the microbial community and its activity by means of an extended bacterial and fungi population, thereby increasing the rate of soil RES [45,46]. However, soil RES rates significantly decreased over time in soils under NT compared to those under CT, which remained constant (Figure 1), indicating NT’s negative impact on microbial activity over time. Although NT initially has a positive effect on soil RES, a mulch layer on the soil surface could be a hindrance. Khan et al. [47] have reported similar findings by observing a decline in soil RES over time under CT practices with NT and straw retention, reporting that a thick mulch layer could act as a physical barrier, reducing oxygen availability in NT fields and providing a slow release of carbon.



By contrast, RES values decreased under all conditions over time following herbicide application. Mean values determined at the three times evaluated ranged from 179.25 (S1 + CT + H) to 208.07 (S1 + NT + H) and from 112.65 (S2 + CT + H) to 158.53 (S2 + NT + H) mg O2 kg−1 dry soil (Figure 1). A two-way ANOVA including all data and time and treatments as factors showed that this interaction is statistically significant (F14,24 = 9.61, p = 0.001) for soil RES under different management practices (Figure 1). A significant decrease in soil RES was recorded under CT and NT in both soils in the presence of herbicides, with S1 generally recording higher RES rates than S2, probably due to higher herbicide adsorption by S2 because of its higher OC content [27]. This could decrease the bioavailability of the herbicide adsorbed by microbial communities, although a non-significant correlation (r = −0.13, p = 0.66) was observed between soil RES and herbicide residues when all the results were considered jointly. The results indicate that the herbicide could have a toxic effect on the soil microbial rate, which is consistent with the progressive decrease in RES over time and its non-recovery at the last sampling date. This is consistent with the results reported by Zhou et al. [48] who have found that SMOC stimulates soil RES at the beginning of incubation, while it has an inhibitory effect later on in the experiment. No results have been found in the literature for the other herbicides studied.




3.3. Soil Dehydrogenase Activity


Figure 2 shows the DHA for soils under CT and NT with and without herbicides. The mean DHA values in the absence of herbicides ranged from 136.72 (S1 + CT) to 185.03 (S1 + NT) µg TPF g−1 dry soil and from 122.60 (S2 + CT) to 165.74 (S2 + NT) µg TPF g−1 dry soil. These values are significantly higher in S1 than in S2 (F7,24 = 18.85, p = 0.001), and they are higher for both soils under NT than under CT. As indicated for RES, the increase in DHA under NT compared to CT could be attributed to the minimal disturbance of the soil under NT treatment that creates a favourable microclimate for microbial growth, resulting in greater enzyme activity [8,49,50]. Moreover, soil OM content generally increases in soils under NT, and this improves soil structure and its stability, which, in turn, results in an enhanced and stable bacterial network and higher microbial diversity [51], although such an increase in soil OM content was not observed here (Table 2). The accumulation of crop residues at the soil surface under NT regulates its microclimate by moderating soil temperature (up to 13 °C in this study) and reducing water evaporation, which maintains a suitable moisture content for a long period [8,52]. Repetitive tillage practices seriously disturb the soil, affecting its structure and its capacity to retain moisture and decreasing OM, thereby reducing soil microbial abundance and activity.



DHA decreased significantly (p < 0.05) over a period of 34 days in soils + CT and soils + NT. However, DHA recovered at the final sampling time (Figure 2), which contrasted with the trend observed for RES (Figure 1). This discrepancy could be attributed to a shift in the composition of the soil microbial community, where some microbial groups may have become less active in terms of RES, while others became more dominant, increasing DHA [53]. Such changes in the structure and function of the microbial community are not uncommon [7]. Moreover, NT could increase carbon sequestration in the soil, and therefore lead to a build-up of OC [54]. This might stimulate DHA because microorganisms play a crucial role in OC stabilisation and transformation.



The application of herbicides significantly decreased (p < 0.05) DHA values in all the soils at the three times evaluated, ranging from 76.62 (S1 + CT + H) to 98.48 (S1 + NT + H) µg TPF g−1 dry soil and from 96.78 (S2 + CT + H) to 109.94 (S2 + NT + H) µg TPF g−1 dry soil. This may be attributed to the inhibition of DHA caused by the toxic effect of the herbicides. Under NT, a significant decrease in DHA was observed, with similar values in both S2 and S1, while under CT higher DHA values were recorded in S2, which contrasted with the higher RES rates for S1 under NT and CT. A significant decrease in DHA values was observed at t = 34 days after herbicide application, as also observed without herbicides. However, the inhibition of DHA did not persist over time, and recovery occurred at the last sampling date (153 days) in both CT and NT with and without herbicides, being the opposite to RES. According to the two-way ANOVA conducted to examine the effect that management and time had on soil, DHA was recorded to have a non-significant interaction (F14,24 = 0.86, p = 0.610) between management and time under different conditions.



A non-significant relationship was also detected between herbicide residues and DHA values in soils under CT and NT at the three times, probably due to the combination of used herbicides with different performance regarding adsorption, dissipation, and bioavailability rates. The persistence of SMOC may have greater toxic influence on soil microbial biomass and activity compared to the sole application of one of other two herbicides. Lipșa et al. [55] have observed that soils treated with SMOC record a significant reduction of 10–30% in DHA levels compared to untreated soils. The same trend has been reported by Borowik et al. [34], who have found an 83% decrease in DHA in soils treated with a herbicide mixture containing terbuthylazine and SMOC. Filimon et al. [56] support these findings by reporting that high doses of SMOC consistently and significantly reduce soil DHA levels throughout the soil incubation period.




3.4. Soil Microbial Biomass and Structure


Figure 3 shows results for the BIO determined for soils under CT and NT with or without herbicides, and Figure 4 includes the results corresponding to the soil microbial structure determined by the relative abundance of PLFAs that diagnose Gram-negative and Gram-positive bacteria, Actinobacteria, and fungi.



The mean concentration of BIO in the absence of herbicides determined at the three times evaluated ranged from 51.27 (S1 + CT) to 62.69 (S1 + NT) nmol g−1 and from 41.30 (S2 + CT) to 56.74 (S2 + NT) nmol g−1. Higher values of BIO (F7,24 = 15.93, p = 0.001) were recorded under NT than under CT, with higher BIO concentrations in S1 than in S2, as indicated for the other microbial activities. A higher BIO concentration under NT has previously been reported [7,50,57]. Crop residues left on the surface under NT decrease the fluctuation in soil temperature and increase soil water content, thereby creating a suitable microhabitat for microbial growth [7,58,59]. Furthermore, the minimal disturbance of the soil under NT slows the rate of OM decomposition, resulting in more efficient carbon use and creating an appropriate environment for microbial growth. This is in contrast to CT practices that destroy the soil structure, prompting faster OM mineralisation, as previously indicated. BIO increased significantly over time under CT and NT, and, in general, it was observed in both soils (Figure 3).



The application of herbicides significantly decreased (p < 0.05) BIO under CT and NT for all the sampling times, which is consistent with the results reported for DHA (Figure 2) and RES (Figure 1) due to the initial effect of herbicides applied to suppress microbial activity. The mean concentration of BIO in the presence of herbicides at the three times ranged from 26.75 (S1 + CT + H) to 40.39 (S1 + NT) nmol g−1 and from 36.21 (S2 + CT + H) to 52.28 (S2 + NT + H). However, a significant increase in BIO in soils + CT + H and soils + NT + H was observed after 34 days through to 153 days, reflecting the recovery of the microbial population after an initial inhibition. This trend is probably due to microbial adaptation to the herbicides consistent with the recovery of DHA values observed at the last sampling time, indicating the microbial populations restored enzymatic activity. On the other hand, the higher BIO in soils + NT + H compared to soils + CT + H might be due to the lower amount of herbicides reaching the soils under NT when intercepted by the mulch compared to CT [42,43,44].



The results on the microbial community structure in Figure 4 indicate that the relative abundance of Gram-negative bacteria was lower than that of Gram-positive bacteria in all the treatments (Figure 4a,b). Non-significant interaction was detected between treatment × time for the relative abundance of Gram-negative (F14,24 = 3.35, p = 0.243) and Gram-positive (F14,24 = 0.55, p = 0.873) bacteria in all the treatments without herbicides at the three sampling times. However, a significant decrease in Gram-positive (p < 0.05) bacteria was detected at the last sampling time (153 days) for all the treatments.



Non-significant differences were recorded in Actinobacteria and fungi for the same soil under NT and CT (Figure 4c,d). However, an increase in Actinobacteria was observed at the last sampling time in S1 in both treatments. The two-way ANOVA revealed a significant interaction between treatment × time (F14,24 = 11.80, p = 0.001) solely for Actinobacteria. For S1, Actinobacteria were higher in S1 + NT than S1 + CT. Fungi decreased in S1 + CT and S1 + NT over time. Meanwhile, a progressive increase in fungi was recorded over time for S2 + CT and S2 + NT, indicating that the type of tillage did not influence the relative abundance of fungi because it depends on soil characteristics.



Studies have reported changes in the microbial community structures with the implementation of NT [11,60,61]. Other studies have found a non-significant effect on these structures [62,63]. Li et al. [7] have conducted a thorough meta-analysis and revealed a varied response of microbial community structures and population size in soils under NT compared to CT. They suggest that NT has a differential impact on microbes throughout all the populations within microbial communities. This, in turn, could imply a potential microbial resistance to alterations under this soil management practice [64]. In addition, the changes in microbial community structure could be related mainly to the period of adaptation when transitioning from CT to NT, as the microbial communities may take some time to adapt to the new soil management [65].



After herbicide application, a non-significant effect was observed for Gram-negative and Gram-positive bacteria for all the treatments, except a significant increase in Gram-negative bacteria in S1 + NT + H compared to the control without herbicide (S1 + NT). A significant decrease was observed for Actinobacteria in S1 + CT + H and S1 + NT + H after herbicide application, with significant increases in Actinobacteria in S2 + NT + H at the last sampling time compared to the controls. Herbicides also decreased fungi in all the treatments, albeit only significantly in S1 + NT + H. These results indicate that herbicides application had a contrasting effect on the structure of the microbial communities in soils under CT and NT treatments. In general, herbicide application had a significant impact on Actinobacteria and fungi, highlighting the sensitivity these microorganisms have to these chemical compounds. In contrast, minor changes were detected in the structure of Gram-positive and Gram-negative bacteria. Such variations in the reaction of microorganisms to herbicide exposure can be attributed to the varying levels of resistance shown by these microorganisms [58].





4. Conclusions


The implementation of conservation practices such as non-tillage in agricultural soils caused significant changes in microbial activities compared to the conventional management. RES, DHA, and BIO increased in NT compared to CT practices in the absence of herbicides. All microbial activities decreased initially, but DHA and BIO subsequently recovered over time. Herbicides application decreased microbial activities in CT and NT, although the changes followed a similar trend to the one observed in the absence of herbicides. In general, microbial activity was favoured in the soil with lower OC as herbicides bioavailability increases due to lower adsorption and under NT because herbicides are intercepted by the mulch compared to CT. Changes were found in Gram-positive bacteria, Actinobacteria, and fungi over time, although they did not depend upon CT or NT, as the influence of the type of soil was more significant, especially for Actinobacteria and fungi. The non-significant changes in microbial structure under NT are due mainly to the short-term transition (two years) to this type of soil management. The results highlight the interest in considering the impact herbicides have on microbial activities when these compounds are applied in a conservation agricultural system, the need for longer-term experiments, as well as for optimizing the amount of mulch covering the soil surface that control the amount of herbicide reaching the soil surface and, consequently, its degree of impact on soil microbial communities.
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Figure 1. Microbial respiration rate for soils under conventional tillage (S1 + CT, S2 + CT) and non-tillage (S1 + NT, S2 + NT) in the absence or presence of herbicides (H). Data present the mean ± standard deviation of two replicated plots. Different capital letters inside the graph indicate significant differences between treatments at each sampling time according to the Tukey post hoc test (p ≤ 0.05). Different letters above bars indicate significant differences between sampling times at each treatment (Tukey post hoc test; p ≤ 0.05). 
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Figure 2. Dehydrogenase activity for soils under conventional tillage (S1 + CT, S2 + CT) and non-tillage (S1 + NT, S2 + NT) in the absence or presence of herbicides (H). Data present the mean ± standard deviation of two replicated plots. Different capital letters inside the graph indicate significant differences between treatments at each sampling time according to the Tukey post hoc test (p ≤ 0.05). Different letters above bars indicate significant differences between sampling times at each treatment (Tukey post hoc test; p ≤ 0.05). 
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Figure 3. Total microbial biomass for soils under conventional tillage (S1 + CT, S2 + CT) and non-tillage (S1 + NT, S2 + NT) in the absence or presence of herbicides (H). Data present the mean ± standard deviation of two replicated plots. Different capital letters inside the graph indicate significant differences between treatments at each sampling time according to the Tukey post hoc test (p ≤ 0.05). Different letters above bars indicate significant differences between sampling times at each treatment (Tukey post hoc test; p ≤ 0.05). 
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Figure 4. Relative abundance (% mol) of PLFAs specifically diagnostic of Gram-negative (a) and Gram-positive bacteria (b), Actinobacteria (c), and fungi (d) in soils under conventional tillage (S1 + CT, S2 + CT) and non-tillage (S1 + NT, S2 + NT) in the absence or presence of herbicides (H). Data present the mean ± standard deviation of two replicated plots. Different capital letters inside the graph indicate significant differences between treatments at each sampling time according to the Tukey post hoc test (p ≤ 0.05). Different letters above bars indicate significant differences between sampling times at each treatment (Tukey post hoc test; p ≤ 0.05). 






Figure 4. Relative abundance (% mol) of PLFAs specifically diagnostic of Gram-negative (a) and Gram-positive bacteria (b), Actinobacteria (c), and fungi (d) in soils under conventional tillage (S1 + CT, S2 + CT) and non-tillage (S1 + NT, S2 + NT) in the absence or presence of herbicides (H). Data present the mean ± standard deviation of two replicated plots. Different capital letters inside the graph indicate significant differences between treatments at each sampling time according to the Tukey post hoc test (p ≤ 0.05). Different letters above bars indicate significant differences between sampling times at each treatment (Tukey post hoc test; p ≤ 0.05).



[image: Processes 12 00827 g004]







 





Table 1. Chemical structure and physicochemical properties of the three herbicides.
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	Herbicide
	Chemical Structure
	WS a

(mg L−1)
	Log Kow b
	Kfoc/Koc c

(mL g−1)
	DT50 d

Field/Lab (Days)
	GUS

Index e





	S-metolachlor (SMOC)

[2-chloro-N-(2-ethyl-6-methylphenyl)-N-[(1S)-2-meth-oxy-1-methylethyl] acetamide]
	[image: Processes 12 00827 i001]
	480
	3.05
	200.2
	23.2/51.8
	2.32



	Foramsulfuron (FORAM)

[2-[[[[(4,6-dimethoxy-2-pyrimidinyl) amino] carbonyl] amino] sulfony]-4-(formylamino)-N,N-dimethylbenzamide]
	[image: Processes 12 00827 i002]
	3293
	−0.78
	78.4
	-/25.3
	2.95



	Thiencarbazone-methyl (TCM)

[methyl 4-[[[(4,5-dihydro-3-methoxy-4-methyl-5-oxo-1H-1,2,4-triazol-1-yl) carbonyl] amino] sulfonyl]-5-methyl-3-thiophenecarboxylic acid]
	[image: Processes 12 00827 i003]
	436
	−1.98
	100
	17/51.5
	2.46







a Water solubility at 20 °C; b Octanol/water partition coefficient at pH 7 and 20 °C; c Adsorption coefficient normalized for soil organic carbon content; d Time needed for the concentration to decrease to 50% of the initial applied amount in the field/laboratory; e Groundwater Ubiquity Score index for leaching into groundwater [26].













 





Table 2. Physicochemical characteristics of soil (S1, S2) under conventional tillage (CT) and non-tillage (NT).
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	Treatment/Parameter
	S1 + CT
	S2 + CT
	S1 + NT
	S2 + NT





	Sand (%)
	80.4
	76.7
	80.4
	76.7



	Silt (%)
	4.7
	6.8
	4.7
	6.8



	Clay (%)
	14.9
	16.5
	14.9
	16.5



	pH
	6.81
	7.67
	6.8
	7.67



	OC (%)
	0.69
	1.01
	0.68
	1.01










 





Table 3. Remaining amounts of S-metolachlor, foramsulfuron, and thiencarbazone-methyl in soils (S1, S2) under conventional tillage (CT) and non-tillage (NT) at different sampling times after the application of the herbicides.
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